Substrate recognition and cleavage by the bacterial RNase P RNA requires two domains, a specificity domain, or S-domain, and a catalytic domain, or Cdomain. The S-domain binds the T stem-loop region in a pre-tRNA substrate to confer specificity for tRNA substrates. In this work, the entire S-domain of the Bacillus subtilis RNase P RNA is replaced with an artificial substrate binding module. New RNA substrates are isolated by in vitro selection using two libraries containing random regions of 60 nt. At the end of the selection, the cleavage rates of the substrate library are~0.7 min -1 in 10 mM MgCl 2 at 37°°°°C,~4-fold better than the cleavage of a pre-tRNA substrate by the wild-type RNase P RNA under the same conditions. The contribution of the S-domain replacement to the catalytic efficiency is from 6-to 22 000-fold. Chemical and nuclease mapping of two ribozyme-product complexes shows that this contribution correlates with direct interactions between the S-domain replacement and the selected substrate. These results demonstrate the feasibility of design and isolation of RNase P-based, matching ribozymesubstrate pairs without prior knowledge of the sequence or structure of the interactive modules in the ribozyme or substrate.
INTRODUCTION
The ribozyme from bacterial RNase P is unique among natural ribozymes in its mode of substrate recognition (1) (2) (3) (4) (5) . RNase P performs an endonucleolytic cleavage reaction to generate the mature 5′-end of all tRNAs in vivo. The RNase P RNA (denoted P RNA) binds two structured regions in a natural pre-tRNA substrate, the T stem-loop and the acceptor stem/5′-leader. In addition to the natural substrates, several classes of different RNA substrates have been isolated by in vitro selection using the wild-type Bacillus subtilis P RNA (6, 7) or the Escherichia coli P RNA (8) . The secondary structure of these substrates can be divided into three structural modules similar to the acceptor stem/5′-leader, the T stem-loop, and the coaxially stacked linker of a natural tRNA substrate (5) .
Recognition of the selected substrates by P RNA can be summarized on the basis of its domain structure ( Fig. 1A and B; 9). P RNA is composed of two independently folding domains. The C-domain contains the entire active site and binds the acceptor stem/5′-leader region of a tRNA substrate. The Sdomain binds the T stem-loop region of a tRNA substrate and confers the substrate specificity. Chemical modification and ribozyme mutagenesis revealed that the T stem-loop-like module in three of the four classes of selected substrates is recognized by the S-domain (Fig. 1B) . These three substrate classes contain a similar linker structure. The significantly different linker region in the fourth substrate class directs one module to interact with a hairpin loop region (designated the L1 module) in the C-domain ( Fig. 1B; 7) . Deletion of the S-domain has little effect on binding and cleavage of substrates in this fourth class, whereas deletion of the L1 module has little effect on binding and cleavage of a pre-tRNA or substrates in the three other classes.
These previous selection results suggest that the substrate binding properties of P RNA may be exploited to isolate new ribozyme-substrate pairs by in vitro selection. In this work, the entire S-domain in the B.subtilis P RNA is replaced with an artificial substrate binding module (designated S-replacement; Fig. 1C ). Two RNA libraries are designed to allow the randomized regions to interact with S-replacement. Since the S-domain in the wild-type P RNA is proposed to be in proximity with the L1 module in the three-dimensional structure (4,10), however, S-replacement may act together with the L1 module in recognition of the selected substrates. It is therefore expected that the selected substrate may interact with both S-replacement and the L1 module [ Fig. 1C, scenario (i) ], or only with S-replacement or just the L1 module [ Fig. 1C , scenarios (ii) and (iii)]. Many new substrates are isolated in this work; several variants are more efficiently cleaved by as much as 30-fold compared to cleavage of a pre-tRNA substrate by the wild-type P RNA under the same conditions. These selected substrates interact with S-replacement and with the L1 module to different extents.
MATERIALS AND METHODS

Cloning of the modified ribozymes
The entire S-domain of the B.subtilis P RNA was replaced by an artificial substrate binding module containing the circularly *To whom correspondence should be addressed. Tel: +1 773 702 4179; Fax: +1 773 702 0439; Email: taopan@midway.uchicago.edu permuted yeast tRNA Phe sequence minus the D stem-loop (nt 27-76 + 1-9 of tRNA Phe ; Fig. 2A ). To generate ribozymes with S-replacement, two complementary DNA oligonucleotides, 5′-TAAATCCGCTGGTGCGAATTCTGTGGATCGAACACA-GGACCTCCAGATCTTCAGTCTGG and 5′-CCAGACTGAA-GATCTGGAGGTCCTGTGTTCGATCCACAGAATTCGCAC-CAGCGGATTTA, were annealed and ligated to the 3′-end of two previously cloned C-domain constructs. These previously described C-domain constructs (designated XS1∆S and XS2∆S; 9) were also used to determine the contribution of S-replacement to the catalytic efficiency of the selected substrates.
The RNA substrate libraries
Two libraries were designed to allow interactions between the randomized regions with S-replacement and/or the unchanged L1 module in the C-domain (Fig. 2B) . Both libraries had 60 randomized nucleotides, but different linker regions. These libraries were constructed by five cycles of PCR using the DNA oligonucleotides 5′-TGGTGGATCTTTAGTCTGGA[N 60 ]-CCCAGACTTGAGCGAATC and 5′-TGGTGCGAATTC[N 60 ]-GTGAATCCGC as templates and 5′-TAATACGACTCAC-TATAGCGAACGCTTCACGGATTCGCTCAAGTCTGG/5′ TGGTGGATCTTTAGTCTGGA and 5′-TAATACGACTCA-CTATAGCGAACGCTTCACGGCGGATTCAC/5′-TGGTG-CGAATTC as primers, respectively (6) . The PCR generated templates were used directly for RNA synthesis by in vitro transcription using T7 RNA polymerase (11) .
In vitro selection
The libraries were designed to contain fixed cleavage sites, so that active substrates could be isolated by separating the 3′ cleavage product from the unreacted RNA on a denaturing gel (8) . The selections were carried out at a ribozyme:substrate ratio of 1:5 with increasingly stringent conditions. Two parameters were controlled in the selection: the Mg 2+ concentration and the concentration of the ribozyme and the substrate library (the detailed selection conditions are described in Fig. 3 ). In both selections, the Mg 2+ concentration was 25 mM in early rounds and decreased to 10 mM in later rounds; the ribozyme/ substrate concentration was 1 µM/5 µM in early rounds and decreased to 0.04 µM/0.2 µM in later rounds. Renaturation of the ribozyme and substrate libraries was identical to our previous selections (6, 9) . The ribozyme and substrate in buffer only were heated at 85-90°C for 2 min, followed by incubation at ambient temperature for 3 min. MgCl 2 was added and the ribozyme or substrate was incubated at 50 or 37°C for 5 min, respectively. The cleavage reaction was initiated by mixing the renatured ribozyme and the substrate. Aliquots were taken at different time points and the cleavage product separated from unreacted substrate on polyacrylamide gels containing 7 M urea. For every round, the percentage of 32 P-labeled cleavage product was determined by phosphorimaging and the cleavage rate was calculated from the slope of the initial 20% product. The cleavage product was eluted from the gel by the crushand-soak method. The procedures of cDNA synthesis and PCR amplification were identical to those described in the early work (6) and according to the manufacturer's protocols for using AMV reverse transcriptase and Taq DNA polymerase (Amersham Life Science).
Characterization of the selected substrates
The enriched substrate library was cloned and individual variants sequenced. The location of the cleavage site was determined by comparing the 5′-32 P-labeled cleavage product to an alkaline hydrolysis and partial nuclease T1 digestion ladder of the same substrate. Terminal truncation experiments were performed to identify residues from the 5′-and 3′-ends that could be deleted without affecting cleavage efficiency. Briefly, trace amounts of 5′-or 3′-32 P-labeled substrates were hydrolyzed by boiling for 45 s in 1 mM glycine, 0.4 mM MgSO 4 , pH 9.5. The hydrolyzed RNA was neutralized by the addition of Tris-HCl, pH 8, to a final concentration of 50 mM, renatured as described above and cleaved by 0.3 µM XS1 ribozyme for up to 15 min at 37°C. The reaction mixture was then analyzed by 8% PAGE containing 7 M urea.
Structural mapping using nucleases V1 and T1 was performed as previously described with minor modifications (7, 12) . Briefly, reactions were carried out in 50 mM Tris-HCl, pH 8, 10 mM MgCl 2 using end-labeled RNA substrates. The RNA was renatured as described above at a final concentration of 0.2 µM. Nuclease was then added to 0.2-0.4 mU/µl V1 and 0.4 U/µl T1 and the reaction proceeded for 5 min at 37°C. An equal volume of denaturing gel loading buffer (9 M urea, 100 mM EDTA) was added and the mixture quickly cooled on ice. The mixture was immediately loaded on 8 and 20% denaturing PAGE gels.
The ribozyme-substrate and the ribozyme-3′-product complexes were probed by partial nuclease V1 and T1 digestion to identify residues in the substrate that are protected upon ribozyme binding. The ribozyme-substrate/product complexes were formed in 50 mM Tris-HCl, pH 8, 10 mM MgCl 2 , and 1 mM spermine using end-labeled substrates or 3′ cleavage products. The final ribozyme concentrations were 1.5 µM for variant 1 and 5 µM for variant 2, corresponding to five times the K m of the cleavage reaction under these conditions. In the absence of the ribozyme, unlabeled substrate was added to maintain the equivalent phosphate concentration. The ribozyme-substrate mixture was preincubated at 37°C for 5 min prior to the addition of the nuclease to 2-4 mU/µl V1 and 0.1 U/µl T1. The reactions were carried out at 37°C for 1 min, then treated as described under structural mapping.
To identify regions in S-replacement and the L1 module of the ribozyme that interact with the substrate, Fe(II)-EDTA footprinting of the ribozyme was carried out in the presence and absence of a molar excess of variants 1 and 2. The ribozyme and substrates were renatured separately as described above. The ribozyme-substrate/product complexes were formed in 50 mM Tris-HCl, pH 8, 10 mM MgCl 2 , and 1 mM spermine by preincubation of 0.1 µM ribozyme with 1.5 µM variant 1 or 6 µM variant 2 at 37°C overnight. Hydroxyl radical protection was performed using end-labeled ribozyme as described previously (13, 14) . The reactions were carried out in 1 mM Fe(II), 1.2 mM EDTA at 37°C for 30 min, then quenched by the addition of thiourea at a final concentration of 10 mM. An equal volume of denaturing gel loading buffer (9 M urea, 100 mM EDTA) was added and the mixture was analyzed on 15 or 6% PAGE gels.
The k cat /K m and the cleavage rate at saturating ribozyme concentrations (k c ) under single turnover conditions (i.e.
[E] >> [S]) were measured under the solution conditions of the final selection cycle (50 mM Tris-HCl, pH 8, 10 mM MgCl 2 , 37°C). These characterizations employed standard protocols in nucleic acid biochemistry with minor modifications as previously described (5,7). k cat /K m was measured using 10-80 nM XS1 or XS2 ribozyme or 2 µM XS1∆S or XS2∆S ribozyme and trace amounts of 5′-32 P-labeled substrates. k c was determined using >1 µM XS1 or XS2 ribozyme.
RESULTS AND DISCUSSION
Design of the ribozymes and the substrate libraries
The two ribozymes used in this work contained the entire Cdomain of the B.subtilis P RNA originating from circularly permuted constructs with the 5′-end at nt 240 or 235 (9, 15) . The entire S-domain of the B.subtilis P RNA was deleted and an artificial substrate binding module was inserted in its place. To increase the success of selection, two different ribozymes were constructed ( Fig. 2A) . S-replacement contains the portion of the yeast tRNA Phe in its circularly permuted form minus the D stem-loop. The truncated tRNA was chosen for the possibility that the conserved D stem-loop sequence may be selected in the substrate to restore the tertiary structure of tRNA. In principle, however, any RNA structure may be used to replace the S-domain. Similarly, any RNA structure that can interact with S-replacement in any way may be selected. The difference between these two ribozymes is the insertion of the P7 and P8 stem-loops of B.subtilis P RNA in XS2. The presence of P7/P8 changes the distance and/or orientation of the active site in the C-domain relative to S-replacement and therefore generates two distinct binding modules.
The two substrate libraries used in the selection contained a randomized region of 60 nt designed to interact with S-replacement in the ribozyme (Fig. 2B) . Two different linker regions were used to increase our chance of success. The linker region in the XS1 library was modeled after the linker of a tRNA substrate. The linker region in the XS2 library was modeled after the linker of a previously selected substrate (substrate 8 in Fig. 1B) . As derived from the P RNA models, S-replacement and the L1 module are likely to be proximal in the threedimensional structure (3, 4) . Therefore, substrates from both libraries are expected to interact with either S-replacement, the L1 module or both (Fig. 1C) . 
The progress of selection
Matching ribozyme-substrate pairs were selected at increasing stringency with regard to the ionic conditions and ribozyme/ substrate concentrations (Fig. 3) . After 13-18 rounds of selection, both libraries had cleavage rates of 0.6-0.7 min -1 , which is~4-fold better than the cleavage of a pre-tRNA Phe substrate by the wildtype P RNA under the same conditions. The selected substrate mixture was then cloned and 63 clones were sequenced and tested for activity. Consistent with the final selection cycle, all individual substrates were cleaved at an equivalent rate of 0.1-2 min -1 under the final selection conditions. When assayed with the XS1 and XS2 ribozymes with or without S-replacement, cleavage of individual variants was decreased between 2-and 20 000-fold (k cat /K m ) upon deletion of S-replacement. The wide dispersion of the deletion effect suggests that S-replacement and the L1 module are involved in the binding of selected substrates to different extents. Some variants have complementary sequences to the 'anticodon loop' and the 'T loop' in Sreplacement and/or complementary sequences to the 'L1 loop' in the L1 module. Without further investigation, it is uncertain whether these complementary sequences are directly involved in ribozyme-substrate interactions. Some other variants had no complementary sequences to either S-replacement or the L1 module. A 'D stem-loop'-like sequence was not found in any variant, suggesting that the tRNA-like interaction is not efficient for high affinity binding in generating ribozyme-substrate complexes.
Characterization of six individual variants
Six variants were chosen for further characterization on the basis of their fast cleavage rates and the differential effects upon deletion of S-replacement (Table 1) . We chose to determine the k cat /K m and the cleavage rate at saturating ribozyme concentrations (k c ) in single turnover reactions (i.e. [E] >> [S] ) to compare the catalytic efficiency of these substrates (16, 17) . The k cat /K m term describes the combined effects from binding and cleavage chemistry of a ribozyme-substrate pair, whereas the k c term describes the chemical step after the substrate is bound to the ribozyme. At 10 mM MgCl 2 , pH 8 and 37°C, the k cat /K m of these substrates is between 0.7 and 5.4 µM -1 min -1 under single turnover conditions, 4-to 27-fold better than cleavage of a pre-tRNA Phe substrate by the wild-type P RNA. The cleavage rate at saturating ribozyme concentrations (k c ) was between 0.5 and 9 min -1 , indicating that these selected variants are very efficient substrates in a RNA-catalyzed reaction.
Terminal truncation experiments (18) were performed to determine how many nucleotides can be deleted from the 5′-and 3′-ends without affecting cleavage efficiency (Fig. 4) . Between 20 and 23 nt can be deleted from the 3′-end of variants 1 and 2. These deleted nucleotides include a part of the designed linker in the original XS1 library. The dispensability of the designed linker suggests that variants 1 and 2 had acquired a new linker involving nucleotides from the randomized region. In contrast to variants 1 and 2, no 3′ nucleotides can be deleted from variants 3-6 without affecting cleavage efficiency (data not shown), suggesting that the designed linker in variants 3-6 is retained. Three nucleotides in the 5′-leader region are sufficient to confer full reactivity for variants 1-6 (data not shown). This 5′-leader requirement is identical to the cleavage of a pre-tRNA substrate by the wild-type P RNA (19, 20) .
The cleavage site of these selected substrates can be mapped by comparing the 5′-32 P-labeled cleavage product to partial alkaline hydrolysis and nuclease T1 digestion of the same RNA (data not shown). The cleavage sites of variants 1 and 2 do not coincide with the designated site in the XS1 library (Fig. 5) . This result is consistent with terminal truncation showing that the linker in variants 1 and 2 has changed. The cleavage sites of variants 3-6 are located at the predicted positions (Fig. 2B) , consistent with retention of the linker in these variants.
Probing ribozyme-substrate interactions by structural mapping methods
Due to their extreme difference in catalytic efficiency upon deletion of S-replacement (Table 1) , variants 1 and 2 were probed further for their interactions with the ribozyme. The secondary structures of these variants were analyzed by nuclease mapping (Fig. 4) . Consistent with terminal truncation and relocation of the cleavage sites, the proposed secondary structure for variants 1 and 2 was different from the design (Fig. 5B) .
Regions in variants 1 and 2 that interact with the ribozyme were identified by changes in the nuclease digestion pattern upon ribozyme binding (Fig. 5) . Two regions in variant 1 can be proposed to interact with the ribozyme. One region involves approximately nt 21-29. Several nucleotides in this region are protected against nuclease digestion, while other nucleotides show enhanced nuclease V1 cuts upon ribozyme binding (Fig. 5A) . The increased V1 cuts suggest that these nucleotides are involved in forming an intermolecular structure with the ribozyme. These nucleotides are complementary in sequence to the 'T stem-loop' region in S-replacement. Therefore, it is likely that this region interacts with S-replacement. The other protected region involves approximately nt 38-48. This region probably interacts with a different region in the ribozyme due to their distal location to nt 21-29. A single region of~8 nt in variant 2 was protected against nuclease digestion. Since Sreplacement has only a small effect on the cleavage efficiency of variant 2 (Table 1) , this region in the substrate is likely to interact with a region in the ribozyme other than S-replacement. The interaction of variants 1 and 2 with S-replacement and the L1 module of the XS1 ribozyme was also demonstrated by ribozyme protection from hydroxyl radical attack upon substrate binding (Fig. 6) . As indicated by the catalytic activity (Table 1) and by nuclease digestion (Fig. 5) , variant 1 protects two regions in S-replacement of the ribozyme, including the 'T stem-loop' implicated as interacting with nt 21-29 in this variant. These protections in the XS1 ribozyme were not seen upon binding of variant 2 (data not shown). A portion of the L1 module is protected by both substrates, suggesting that the L1 module is directly involved in the binding of both variants. In summary, variant 1 appears to interact with S-replacement and the L1 module, whereas variant 2 appears to interact primarily with the L1 module. Since variants 1 and 2 exhibited maximal and minimal effects on cleavage efficiency upon deletion of S-replacement, we propose that all other selected substrates obtained in this work can be described by the two proposed modes of interaction shown in Figure 1C [scenarios (i) and (ii)]. The failure to obtain any substrate that does not interact with the L1 module suggests that the L1 module may play a dominant role in substrate binding upon deletion of the natural S-domain. Deletion of the L1 module from the XS1 and XS2 ribozymes may be necessary to isolate substrates that exclusively interact with S-replacement.
Design and isolation of P RNA-based ribozyme-substrate pairs
The selection results described here are a logical extension from our previous work using only the wild-type P RNA. Based on the characteristics of the previously selected substrates, we have proposed a strategy to isolate new P RNAbased ribozyme-substrate pairs (5). These new ribozymesubstrate pairs would involve compensatory substitution of one or both binding modules in the P RNA with the corresponding binding module in the substrate. In the P RNA system, any RNA structure can in principle be used as S-replacement, provided that another RNA structure can interact with this Sreplacement with sufficient affinity. As demonstrated in this work, it is relatively easy to obtain substrates that interact in some fashion with modified P RNA-based ribozymes. The selectivity for such substrates with or without S-replacement can be as high as 20 000-fold. A higher selectivity may be accomplished by deleting the L1 module in these modified ribozymes. The L1 module can constitute a part of the binding site in the ribozyme and may be proximal to S-replacement in the three-dimensional structure (3, 4) . As indicated by its protection upon substrate binding, it is likely that the L1 module is involved in binding of our selected substrates, albeit to different extents.
The isolation of variable RNA substrates containing complementary structure to defined binding sites in the ribozyme has become a routine exercise. The challenge now is to isolate variable ribozymes that cleave defined RNA structures. Two methods may be used to obtain such 'custom designed' ribozymes. One method involves replacing the S-domain or the L1 module with the RNA structure of interest to select a complementary binding module in the substrate. These interactive RNA modules will then be switched between the ribozyme and the substrate. Another method involves covalently linking the RNA structure of interest to the ribozyme library to allow cleavage to occur in cis (21, 22) . Once the new ribozyme with the complementary binding module is selected, the RNA structure may be detached from the ribozyme to allow cleavage in trans. Either way, the substrate binding properties of P RNA should be useful in the design and isolation of ribozyme-substrate pairs without prior knowledge of the sequence/structure of the binding regions in the ribozyme and the substrate. 
